In Escherichia coli manganese superoxide dismutase (MnSOD), the absolutely conserved (25)). The enzymes are isolated as dimers or tetramers that preserve nearly exact twofold symmetry within the dimeric elements. The active site structures are highly conserved between these two classes, allowing atomic alignment of all of the residues ligating the metal ions. In each class, the monomeric metal center is coordinated by three histidines and an aspartic carboxylate donated by the protein and a coordinated solvent defining a conserved catalytic motif for these enzymes. In addition to the metal ligands, a number of other residues are strictly conserved including a glutamic acid residue (Glu 170 in E. coli MnSOD sequence numbering (26)) that is part of a distinctive DXWEHXXY sequence motif containing two of the four proteindonated metal ligands (Asp 167 and His 171 ). The corresponding glutamates in the two subunits of the homodimer symmetrically span the dimer interface, forming hydrogen bonds with both the peptide NH and the ND1 nitrogen of His 171 in the other subunit (Fig. 1) contributing to outer sphere interactions of the active site metal ion (18). This double glutamate bridge is preserved in all known Fe-and MnSODs, implying an important role in protein structure. In order to investigate the contribution of the conserved glutamate residue in protein stability and active site reactivity, we have prepared the E170A mutant MnSOD for detailed characterization.
In Escherichia coli manganese superoxide dismutase (MnSOD), the absolutely conserved Glu 170 of one monomer is hydrogen-bonded to the Mn ligand His 171 of the other monomer, forming a double bridge at the dimer interface. Point mutation of Glu 170 3 Ala destabilizes the dimer structure, and the mutant protein occurs as a mixture of dimer and monomer species. The purified E170A MnSOD contains exclusively Fe and is devoid of superoxide dismutase activity. E170A Fe 2 -MnSOD closely resembles authentic FeSOD in terms of spectroscopic properties, anion interactions and pH titration behavior. Reconstitution of E170A Fe 2 -MnSOD with Mn(II) salts does not restore superoxide dismutase activity despite the spectroscopic similarity between E170A Mn 2 -MnSOD and wild type Mn 2 -MnSOD. Growth of sodA ؉ and sodA ؊ E. coli containing the mutant plasmid pDT1-5(E170A) is impaired, suggesting that expression of mutant protein is toxic to the host cells.
Superoxide dismutases (SODs) 1 are ubiquitous metalloenzymes that catalyze the one-electron redox cycle of superoxide disproportionation (1-3). 2O 2 . ϩ 2H ϩ 3 O 2 ϩ H 2 O 2 REACTION 1 This radical-scavenging function defends biological systems against oxidative damage by intercepting reactive oxygen species that propagate free radical chain reactions and cause oxidative damage to cell structures. Four classes of SOD have been identified, containing either a dinuclear Cu/Zn or mononuclear Fe, Mn, or Ni cofactors (4 -7) . FeSODs and MnSODs share substantial sequence and three-dimensional structural homology, while the other superoxide dismutases are structurally unrelated (8 -10) . Most FeSODs and MnSODs require strict metal specificity for activity, although a number of "cambialistic" enzymes have been reported that are active with either Mn or Fe (11) (12) (13) . High resolution crystal structures are now available for four MnSODs (from Thermus thermophilus (14) , Bacillus stearothermophilus (15) , human mitochondria (16, 17) , and Escherichia coli (18) ), four FeSODs (from Escherichia coli (19, 20) , Pseudomonas ovalis (21, 22) , Mycobacterium tuberculosis (23) , and Aquifex pyrophilus (24) ), and one cambialistic enzyme (from Propionibacterium shermanii (25) ). The enzymes are isolated as dimers or tetramers that preserve nearly exact twofold symmetry within the dimeric elements. The active site structures are highly conserved between these two classes, allowing atomic alignment of all of the residues ligating the metal ions. In each class, the monomeric metal center is coordinated by three histidines and an aspartic carboxylate donated by the protein and a coordinated solvent defining a conserved catalytic motif for these enzymes. In addition to the metal ligands, a number of other residues are strictly conserved including a glutamic acid residue (Glu 170 in E. coli MnSOD sequence numbering (26) ) that is part of a distinctive DXWEHXXY sequence motif containing two of the four proteindonated metal ligands (Asp 167 and His 171 ). The corresponding glutamates in the two subunits of the homodimer symmetrically span the dimer interface, forming hydrogen bonds with both the peptide NH and the ND1 nitrogen of His 171 in the other subunit ( Fig. 1) contributing to outer sphere interactions of the active site metal ion (18) . This double glutamate bridge is preserved in all known Fe-and MnSODs, implying an important role in protein structure. In order to investigate the contribution of the conserved glutamate residue in protein stability and active site reactivity, we have prepared the E170A mutant MnSOD for detailed characterization.
MATERIALS AND METHODS
E. coli were grown in 2ϫ Luria-Bertani (LB) medium supplemented with 1% glucose, 125 g/ml ampicillin, and 150 M Mn(II) salts. Further additions of ampicillin (150 mg/liter) were made hourly after the optical density reached 0.3 at 600 nm, and a second addition of 1% glucose was made at midlog phase. Fermentations for protein preparation were routinely performed in a 10-liter New Brunswick Scientific BioFlo 3000 Bioreactor. Cultures for protein preparations were grown at 37°C with vigorous agitation and O 2 purging. Superoxide dismutase was purified as described previously (27) with an additional chromatofocusing chromatography step using PBE-94 polybuffer exchanger and Polybuffer-74 ampholyte but without CM-52 ion exchange chromatography. Superoxide dismutase activity was measured using the xanthine oxidase/cytochrome c inhibition assay (4) . Peroxidase activity was measured using the o-dianisidine assay (28) in 100 mM potassium phosphate buffer, pH 7, containing 1 mM H 2 O 2 .
The pDT1-5 antibiotic resistance plasmid containing the sodA locus (29) was a generous gift of Dr. Danièle Touati (Institut Jacques Monod, Centre National de la Récherche Scientifique, Université Paris VII). Plasmids were isolated from overnight cultures with Qiagen Midi Kit™ and purified according to the protocol supplied by the manufacturer. Mutagenesis of the pDT1-5 plasmid was performed using the Stratagene QuickChange™ in vitro site-directed mutagenesis system with 12 cycles of amplification. ) (32) . Metal quantitation was performed by atomic absorption spectrometric analysis using a Varian SpectrAA 20B atomic absorption spectrometer equipped with a GTA-96 graphite furnace for high sensitivity analytical determinations. The Mn(III) form of the purified enzyme was prepared by molybdicyanide oxidation (27) . Optical absorption spectra were recorded on a Varian Cary5 UV-vis-NIR absorption spectrometer interfaced with a PC for data acquisition. CD spectra were recorded on an AVIV Associates model 14DS UV-vis-NIR spectropolarimeter as described previously (27) . EPR spectra were recorded on a Varian E-109 X-band EPR spectrometer equipped with an Air Products He cryostat. Molecular weight determination was made by size exclusion chromatography using a BioGel P-100 (Bio-Rad) column (1.5 ϫ 98 cm) developed in 50 mM potassium phosphate buffer (pH 7.0). The column was calibrated by chromatographing molecular mass standards (blue dextran, 200 kDa; E. coli wt MnSOD, 46 kDa; bovine erythrocyte carbonic anhydrase, 29 kDa; horse heart cytochrome c, 12.4 kDa) (2 mg in each protein sample) and the molecular mass of the eluted fractions for E170A MnSOD were estimated by evaluating the effective distribution coefficient
, where V 0 is the elution volume for blue dextran, V e is the elution volume for the protein sample, and V t is the total column volume. Metal replacement was accomplished by partial denaturation of E170A Fe 2 -MnSOD in 3.5 M guanidinium HCl in the presence of 10 mM EDTA (pH 3.5) and renaturation by dialysis against 20 mM TrisHCl containing 1 mM MnCl 2 (33, 34) .
RESULTS
Metal Ion Analyses-Quantitative metal analyses demonstrate that the native E170A MnSOD isolated from E. coli contains Fe as the only significant metal component. The Fe is slightly substoichiometric (0.73 g atom of Fe/mol of protein) but no significant Mn (Ͻ0.01 g atom of Mn/mol of protein) is present in the as-isolated enzyme, even when the culture was supplemented with Mn salts. In vitro reconstitution of the Fe-containing protein with Mn leads to nearly quantitative incorporation of that metal ion (0.9 g atom of Mn/mol of protein).
Molecular Weight Estimation--Size exclusion chromatography of E170A Fe 2 -MnSOD on Bio-Gel P-100 resolves two components of the purified protein ( Fig. 2 ) with estimated molecular weights consistent with dimeric and monomeric forms both being present in the mixture. The dimeric E170A protein appears at a slightly larger elution volume than native wild type (wt) MnSOD from the size exclusion column although the molecular masses are predicted to be virtually identical, differing by only 72 Da. When the monomeric protein fraction (Fig. 3 , peak B) was isolated, concentrated and reapplied to the same size exclusion column, the same two-component elution profile was observed (Fig. 3) , indicating that the two forms can interconvert under these conditions. Both fractions migrate identically on denaturing gel electrophoresis (SDS-PAGE) with an apparent molecular mass of 25 kDa. The reconstituted E170A Mn 2 -MnSOD gives the same mixture of species on P-100 size exclusion chromatography.
Spectroscopic Characterization-The optical absorption spectrum for the Fe-containing native E170A MnSOD (Fig. 4 , top) strongly resembles that found for both authentic FeSOD (35) and iron-substituted wt MnSOD (36 -39) . The near UV spectrum of this complex is due to ligand-to-metal charge transfer absorption of the Fe(III) center and therefore directly reports on the metal environment in the protein. Native E170A Fe 2 -MnSOD has strong absorption in the near-UV region (⑀ 350
) that is resolved in CD into two transitions with oppositely signed intensity (⌬⑀ 385 ϭ Ϫ1.29
The iron center in the mutant protein exhibits typical coordination chemistry found for FeSOD complexes (36), binding both azide and fluoride anions with similar ). In each case, the spectra are virtually identical to the corresponding data for authentic FeSOD (35) . The Fe complex in E170A Fe 2 -MnSOD also shows a pH-dependent transition with an effective pK a ϭ 8.6, converting to a form weakly absorbing in the near-UV (Fig.  5) as found for simple annation reactions of Fe(III)SOD (e.g. fluoride binding). The pH absorption profile was obtained using buffers adjusted to ϭ 1 with Na 2 SO 4 to reduce variations in ionic strength in different buffers. The mutant protein is unstable below pH 6, precipitating from buffered solution. E170A mutant protein reconstituted with Mn (E170A Mn 2 -MnSOD) exhibits optical spectra (Fig. 6 ) nearly identical to those observed for the native wt protein, associated with the presence of a Mn(III) center (absorption:
. However, anions bind to the mutant complex with much lower affinity than found for the wt MnSOD, despite the nearly identical optical absorption and CD spectra (Fig. 6) . The low Mn(III) extinction shown in Fig. 6 is a consequence of partial reduction of Mn in the native protein, and treatment with molybdicyanide increases the intensity of the visible spectrum nearly 2-fold, indicating approximately half of the enzyme contains Mn(II) as isolated. Unlike the wt MnSOD, oxidation also leads to an increase in the near UV absorption that appears to reflect irreversible oxidative damage to the enzyme.
Low temperature EPR spectra for the E170A SOD metal complexes are shown in Fig. 7 . For native E170A Fe 2 -MnSOD (Fig. 7A) , two low field resonances are observed near g ϭ 10, the higher intensity being associated with the low-field component requiring inverted zero field splitting of the high spin S ϭ 5/2 sextet ground state (40) . At lower field, the transitions arising within the middle Kramers doublet are split (g ϭ 3. (Fig. 7B) or fluoride (Fig. 7C) anions converts the complex to a distinct form exhibiting spectra characteristic of the rhombic limit of electronic symmetry (E/D ϭ 0.33). The EPR spectrum of the reduced Mn(II) complex of E170A Mn 2 -MnSOD is nearly identical to that observed for the wild type protein (27) .
Catalytic Activity-Neither the iron nor manganese derivatives of E170A MnSOD exhibit any significant SOD activity under standard assay conditions (Ͻ60 units/mg). Peroxidase activity of Fe 2 -MnSOD measured by the o-dianisidine oxidation assay was low for both wt protein (1.6 ϫ 10 Ϫ2 units/mg) and for the E170A mutant (2.7ϫ10 Ϫ2 units/mg). Although the peroxidase activity of the mutant is slightly higher than that observed for wt Fe 2 -MnSOD, the mutant protein is more sensitive to hydrogen peroxide treatment and the activity decays rapidly to below 2 ϫ 10 Ϫ3 units/mg.
Effect of Mutant Protein Expression on Culture Growth Rate E. coli-K-12
cells containing the pDT1-5 sodA(E170A) mutant expression plasmid form small colonies on LB agar plates and grow poorly in liquid media under aeration. The growth profiles of E. coli K-12 sodA ϩ and sodA Ϫ host strains transformed with the mutant plasmid were measured to investigate this anomalous behavior of cells expressing mutant MnSOD. As controls, the same host strains were transformed with the wt expression vector or a mutant plasmids expressing inactive (pDT1-5(D167N)) 2 or partially active (pDT1-5(Y34F)) (39) Mn-SOD that retains the dimeric organization of the wild type enzyme. The anomalous growth phenotype of the sodA(E170A) mutant is evident in both sodA ϩ and sodA Ϫ genetic backgrounds (Fig. 8) . The growth of cells containing the pDT1-5(E170A) plasmid is clearly impaired not only compared with cells containing wt plasmid but also compared with cells containing other mutant plasmids, indicating that the effect is not simply a loss of function. Cells containing pDT1-5(D167N) produce inactive apo MnSOD protein and thus in the sodA Ϫ host strain the only SOD activity derives from the constitutively expressed FeSOD. The lack of functional complementation of the chromosomal sodA defect by the pDT1-5(D167N) mutant plasmid is reflected in the relatively slow growth compared with cells containing either wild type and pDT1-5(Y34F) plasmids which produce functional MnSOD (exhibiting 100% and 80% wt MnSOD activity, respectively) (Fig. 8, bottom) . The growth of cells containing the pDT1-5(E170A) plasmid is slower still, suggesting that expression of this mutant MnSOD exerts an inhibitory effect on the cells. The toxicity of E170A MnSOD expression is further indicated by the sluggish growth of wild type sodA ϩ E. coli transformed with the pDT1-5(E170A) mutant expression plasmid compared with cells containing plasmids coding for either functional (pDT1-5 or pDT1-5(Y34F)) or nonfunctional (pDT1-5(D167N)) MnSODs (Fig. 8, top) . mer is hydrogen-bonded to the manganese ligand His 171 of the other monomer ( Fig. 1) , also spans the dimer interface and interacts with the ND of His 30 in the gateway to the active site.
The origin of metal specificity in the (Fe,Mn)SODs has been an outstanding question that is made all the more perplexing by the close structural similarities between the homologous Fe and Mn proteins. Despite these structure and sequence similarities, catalytic activity appears to be strictly determined by the metal content. With the exception of certain cambialistic SODs that exhibit activity with either metal ion, Fe-and MnSODs lose activity when the metal that occurs in the native enzyme is replaced (in vitro or in vivo) by the other. Although there is evidence that the protein is not absolutely selective in metal binding, the metal that confers activity generally is the one that is preferentially bound. This indicates that there are in fact two distinct structural questions, one relating to metal binding selectivity and another to metal-specific reactivity. E. coli MnSOD metal binding selectivity depends on the cultivation conditions (36, 39) , and the protein will bind either metal provided as a supplement to the growth medium, although only Mn is active at physiological pH. High resolution x-ray structures of native FeSOD (19 -24) and MnSOD (14 -18) as well as Fe- (42) and cambialistic SODs (25) with either Fe or Mn bound show remarkable conservation of active site structure and thus have not clearly resolved these questions of metal selectivity. Mutagenesis experiments appear to be most promising, although the results have not been predictable. For example, mutation of a single nonligating residue (Tyr 34 ) relaxes metal specificity in E. coli MnSOD without significantly affecting metal binding selectivity, and Y34F Fe 2 -MnSOD exhibits approximately 30% wt FeSOD activity (39) . Overall, it appears likely that metal binding selectivity and reactivity are a consequence of subtle differences in the metal environment.
The E170A MnSOD mutant that we have prepared modifies a critical residue at the dimer interface contributing outer sphere interactions to the metal binding site. Even though the mutant protein spectroscopically resembles the wild type protein, in other respects it is very different. In particular, subunit interactions are obviously perturbed by this mutation. The observation of both monomer and dimer forms in the elution profile in size exclusion chromatography (Fig. 2) indicates that the loss of four hydrogen bonds in the E170A mutant severely compromises the stability of the homodimer. In constrast to wt MnSOD, which requires 4 -6 M guanidinium chloride to dissociate to monomers (43) , the relatively fragile E170A dimer (D) dissociates into monomer (M) species under mild conditions (neutral pH buffers, low ionic strength).
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Interconversion between monomer and dimer forms is demonstrated by the appearance of dimeric protein when purified monomer is concentrated and rechromatographed (Fig. 3) . The mutant dimer elutes with a slightly larger distribution coefficient (K av ) than observed for the wt MnSOD (Fig. 2) , possibly indicating a more compact organization of the mutant protein.
The mutation also results in a striking change in metal binding selectivity. Purified E170A MnSOD contains only iron, even though expressed in cells supplemented with manganese salts. However, reconstitution with mangananese leads to formation of a complex spectroscopically indistinguishable from wt Mn 2 -MnSOD, demonstrating that the protein retains its ability to bind that metal ion. The mutant protein thus preferentially binds iron instead of manganese, a reversal in metal binding selectivity that appears to be a consequence of the altered outer sphere interactions associated with Glu 170 -His171 hydrogen bonding. Loss of this hydrogen bond is expected to make the histidine ligand less basic, stabilizing the iron complex. Native iron and manganese derivatives of the E170A protein exhibit optical absorption, CD, and EPR spectra nearly identical those observed for the corresponding complexes of wild type protein (Figs. 4 -7) , reflecting similar metal environments. Anion interactions perturb the optical absorption and CD spectra for E170A Fe 2 -MnSOD (Fig. 4) and the spectra for the anion complexes (with N 3 Ϫ and F Ϫ ) are nearly identical to those reported for authentic FeSOD (35) . These complexes also titrate with affinities similar to those reported for authentic FeSOD anion complexes (35) . EPR spectroscopy is particularly sensitive to subtle changes in metal environment for protein complexes. Low temperature EPR spectra of the native E170A Fe2-MnSOD is typical of low symmetry high spin Fe(III), closely resembling the spectrum of authentic FeSOD under similar conditions (Fig. 7) . The inverted zero-field splitting (D Ͻ 0) required by the relative intensities of the low field features (g ϭ 9 -10) is also observed for the authentic FeSOD and is consistent with a distorted trigonal geometry for the metal complex (40) . EPR spectra indicate that the Fe derivative is converted by anions to new complexes near the rhombic limit of electronic symmetry, as previously found for both authentic FeSOD and Fe 2 -MnSOD. Coordination chemistry of the Fe center is thus quite similar in both the mutant and wild type proteins. The pH titration of E170A Fe 2 -MnSOD (Fig. 5) indicates that hydrolysis of the Fe(III) occurs near pH 8.6, approaching authentic FeSOD behavior (pK a ϭ 9) (44, 45) and nearly two pH units higher than found for wt Fe 2 -MnSOD (pK a ϭ 6.7) (37, 39) . Optical absorption and CD spectra of the E170A Mn 2 -MnSOD (Fig. 6 ) are also very similar to the corresponding spectra for wt MnSOD (27) . However, this complex has altered coordination chemistry, and the optical spectra give no indication of azide binding to 100 mM NaN 3 . Low temperature EPR spectra for E170A Mn 2 -MnSOD also closely resemble the wt enzyme (27) , indicating that the essential features of the Mn binding site are preserved in the mutant protein.
Surprisingly, despite the near identity of spectra with wt complexes, neither Fe or Mn derivatives of the E170A protein exhibit detectable superoxide dismutase activity under standard assay conditions. For E170A Mn 2 -MnSOD, the lack of catalytic activity correlates with the lack of anion interactions and may reflect an obstruction of the substrate funnel in the mutant. However, the lack of enzymatic activity is more puzzling for E170A Fe 2 -MnSOD, which closely resembles authentic FeSOD in anion affinities and hydrolytic stability. Access to the active site metal center is evidently unimpaired in this complex, and the absence of catalytic activity may be a consequence of dissociation of the dimeric structures at the low protein concentrations required for superoxide dismutation assay. Dissociation of the dimer would eliminate the second bridge (Tyr 174 ) that appears to be important for orienting His 30 in the substrate funnel (Fig. 1) , accounting for inactivation of the enzyme on dilution. The higher protein concentrations used for spectroscopic studies, on the other hand, would tend to favor the dimeric structure.
We have also investigated whether the loss of superoxide dismutation activity is associated with the appearance of new catalytic function in the mutant protein. For Cu,Zn-SOD, a number of mutations lead to enhanced peroxidase activity (47, 48) . Using the standard o-anisidine peroxidase assay, we find essentially identical levels of activity between Fe 2 -MnSOD and the E170A mutant. The activity of the mutant enzyme decayed rapidly suggesting oxidative damage to active site residues, whereas the activity of Fe 2 -MnSOD was more persistent and did not appear to be susceptible to this type of damage. Neither specific activity is greater than 10 Ϫ4 of horseradish peroxidase activity. Lack of SOD activity for the E170A mutant makes it ineffective in complementation of sodA Ϫ mutant E. coli lacking the chromosomal gene for MnSOD (Fig. 8, bottom) . Because they lack an essential antioxidant function, sodA Ϫ E. coli expressing E170A MnSOD (from the pDT1-5(E170A) expression plasmid) are expected to exhibit impaired growth when compared with the same cells expressing functional MnSOD from wt pDT1-5 or pDT1-5(Y34F) plasmids (30, 46) . However, the effect of E170A MnSOD expression on growth of sodA Ϫ host cells is even more severe than that associated with expression of a nonfunctional D167N MnSOD mutant which retains the dimeric organization but is unable to bind metals. In the sodA ϩ genetic background, the differences between functional (wt, Y34F) and nonfunctional (D167N) mutants is decreased, while the E170A mutant is still significantly impaired. This demonstrates that in this partial diploid construction, impaired growth is a dominant phenotype of the E170A mutation, implying gain of a new toxic function rather than simply loss of catalytic function. This toxic function might represent a new oxidative reactivity (contributing to increased oxidative stress) or biochemical complications resulting from nonspecific association with other proteins and membranes at the exposed hydrophobic patch of the dissociated dimer, leading to interference with essential metabolic functions. There is no evidence for new oxidative reaction of E170A MnSOD, and a deleterious effect of dimer dissociation appears more likely. Proteins are very sensitive to mutation at the subunit interfaces, which will tend to destabilize oligomeric structures. In this regard, E170A MnSOD is of interest relating to the identification of Cu,ZnSOD mutants as a genetic lesion associated with hereditary amyotrophic lateral sclerosis (ALS), a lethal neurodegenerative disease (49) . Many of these mutants map to the dimer interface of the homodimeric Cu,ZnSOD protein, and it has been suggested that defective interprotein interactions may be involved in the neurodegenerative disorder (49, 50) . In humans, MnSOD is localized in the mitochondrial matrix space and appears to have no role in ALS (51) . However, the gain-of-function toxicity of E. coli E170A MnSOD seems to provide an interesting parallel to the dominant mutations of Cu,ZnSOD that are linked to ALS.
